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Abstract
We study the semileptonic tree-level B → D¯ transition in the framework of QCD
sum rules in nuclear medium. In particular, we calculate the in-medium form factors
entering the transition matrix elements defining this decay channel. It is found that
the interactions of the participating particles with the medium lead to a considerable
suppression in the branching ratio compared to the vacuum.
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1 Introduction
It is well-known that the semileptonic B meson decay channels are excellent frameworks to
calculate the standard model parameters, confirm its validity, understand the origin of CP
violation and search for new physics effects. There are many theoretical and experimental
studies devoted to the semileptonic tree-level B → D transition in vacuum for many years.
After the BABAR [1] measurement of the ratio of branching fractions in τ and ℓ = µ, e
channels, i.e. R(D) = B(B → Dτ−ντ )/B(B → Dℓ−νℓ) = 0.440 ± 0.058 ± 0.042 which
deviates with the standard model expectations with a 3.4 σ, this channel together with a
similar anomaly in B → D∗ transition have raised interests to study these channels via
different models (for some of them see [2–12] and references therein).
The in-medium studies on the spectroscopic properties of the B and D mesons [13–17]
show that the masses and decay constants of these mesons receive modifications from the
interactions of these particles with the nuclear medium. It is expected that the form factors
governing the semileptonic B to D transition are also affected by these interactions. In this
accordance we calculate the in-medium transition form factors entering the low energy
matrix elements defining the semileptonic tree-level B → D¯ transition in the framework
of the QCD sum rules. This is the first attempt to calculate the hadronic transition form
factors in the nuclear medium. Using the transition form factors, we also calculate the
decay width and branching ratio of this transition in nuclear medium. Study the in-medium
properties of hadrons and their decays can help us in better understanding the perturbative
and non-perturbative natures of QCD. This can also play crucial role in analyzing the
results of heavy ion collision experiments held at different places. There have been a lot
of experiments such as CEBAF and RHIC focused on the study of the hadronic properties
in nuclear medium. The FAIR and CBM Collaborations intend to study the in-medium
properties of different hadrons. The PANDA Collaboration also plans to focus on the study
of the charmed hadrons [18–21]. We hope it will be possible to experimentally study the
in-medium properties of the decay channels like B → D¯ transition in near future.
The article is organized as follows. Next section includes the details of calculations of
the transition form factors for the semileptonic tree-level B → D¯ in nuclear medium via
QCD sum rules. In section 3, we present our numerical analysis of the form factors and
estimate the branching ratio of the decay channel under consideration.
2 In-medium transition form factors
The B+ → D0ℓ′+νℓ′ decay, where ℓ′+ can be either ℓ+=(e, µ) or τ , proceeds via b→ cℓ′+νℓ′
transition at quark level whose effective Hamiltonian can be written as
Heff =
GF√
2
Vcbνℓ′γµ(1− γ5)ℓ′+cγµ(1− γ5)b, (1)
where GF is the Fermi coupling constant and Vcb is an element of the Cabibbo-Kobayashi-
Maskawa (CKM) matrix. The amplitude of this transition is given as
M =
GF√
2
Vcbνℓ′γµ(1− γ5)ℓ′+〈D0(p′)|cγµ(1− γ5)b|B+(p)〉, (2)
1
where, to proceed, we shall define the matrix element 〈D0(p′)|cγµ(1− γ5)b|B+(p)〉 in terms
of transition form factors. The transition current consists of axial vector and vector parts.
The first one has no contribution due to the parity and Lorentz considerations, but the
second one can be parametrized in terms of two transition form factors f1(q
2) and f2(q
2)
in the following way:
〈D0(p′)|cγµb|B+(p)〉 = f1(q2)Pµ + f2(q2)qµ (3)
where P = p + p′ and q = p− p′.
In order to calculate the form factors, the following in-medium three-point correlation
function is considered:
Πµ(q
2) = i2
∫
d4xd4ye−ip·xeip
′·y〈ψ0|T [JD0(y)J trµ (0)J†B+(x)]|ψ0〉 (4)
where |ψ0〉 is the nuclear matter ground state, T is the time-ordering operator, J trµ (0) is the
transition current; and J
D
0(y) = c¯(y)iγ5u(y) and JB+(x) = b¯(x)iγ5u(x) are interpolating
currents of the D
0
and B+ mesons, respectively.
We shall calculate this correlator in two different ways: in terms of the in-medium
hadronic parameters called the hadronic side and in terms of the in-medium QCD degrees
of freedom defining in terms of nuclear matter density using the operator product expansion
(OPE) called the OPE side. By equating these two representations to each other, the in-
medium form factors are obtained. To suppress the contributions of the higher states and
continuum, we apply Borel transformation and continuum subtraction to both sides of the
sum rules obtained and use the quark-hadron duality assumption.
2.1 Hadronic side
On the hadronic side, the correlation function in Eq.(4) is calculated via implementing two
complete sets of intermediate states with the same quantum numbers as the currents JD
and JB. After performing the four-integrals we get
ΠHADµ =
〈ψ0|JD0(0)|D
0
(p′)〉〈D0(p′)|J trµ (0)|B+(p)〉ψ0〈B+(p)|J†B+(0)|ψ0〉
(p′2 −m2D∗)(p2 −m2B∗)
+ ..., (5)
where the dots denote the contributions coming from the higher states and continuum.
We have previously defined the transition matrix elements in terms of form factors. The
remaining matrix elements in the above equation are defined as
〈ψ0|JD0(0)|D
0
(p′)〉 = i f
∗
Dm
∗2
D
mc +mu
,
〈B+(p)|J†B+(0)|ψ0〉 = −i
f ∗Bm
∗2
B
mb +mu
, (6)
where m∗D, m
∗
B, f
∗
D and f
∗
B are the masses and the leptonic decay constants of D and B
mesons in nuclear medium. These quantities in nuclear matter are calculated in [17]. Using
Eqs.(3) and (6), one can write Eq.(5) in terms of two different structure as
ΠHADµ (q
2) = Π1(q
2)Pµ +Π2(q
2)qµ (7)
2
where
Π1(q
2) = − 1
(p′2 −m∗2D )(p2 −m∗2B )
f ∗Dm
∗2
D
mc +mu
f ∗Bm
∗2
B
mb +mu
f1(q
2) + ..., (8)
and
Π2(q
2) = − 1
(p′2 −m∗2D )(p2 −m∗2B )
f ∗Dm
∗2
D
mc +mu
f ∗Bm
∗2
B
mb +mu
f2(q
2) + .... (9)
2.2 OPE side
The OPE side of the correlation function is calculated via inserting the explicit forms of the
interpolating currents into Eq. (4). After contracting out all quark pairs using the Wick’s
theorem we get
ΠOPEµ (q
2) = (−1)3i4
∫
d4xd4ye−ip·xeip
′·y〈ψ0|Tr[Su(y − x)γ5Sb(x)γµ(1− γ5)Sc(−y)γ5|ψ0〉,
(10)
where Sq with q = u and SQ with Q = b or c are the light and heavy quark propagators.
In coordinate-space the light quark propagator at nuclear medium and in the fixed-point
gauge is given by [22, 23]
Sabq (x) ≡ 〈ψ0|T [qa(x)q¯b(0)]|ψ0〉ρN
=
i
2π2
δab
1
(x2)2
6x− mq
4π2
δab
1
x2
+ χaq(x)χ¯
b
q(0)−
igs
32π2
FAµν(0)t
ab,A 1
x2
[6xσµν + σµν 6x]
+ ..., (11)
where ρN is the nuclear matter density. The first and second terms on the right-hand side
denote the expansion of the free quark propagator to first order in the light quark mass
(perturbative part); and the third and forth terms represent the contributions due to the
background quark and gluon fields (non-perturbative part). The heavy quark propagator
is also taken as
SabQ (x) ≡ 〈ψ0|T [Qa(x)Q¯b(0)]|ψ0〉ρN
=
i
(2π)4
∫
d4ke(−ik·x)
{
δab
6k −mQ −
gsG
n
αβt
n
ab
4
σαβ( 6k +mQ) + ( 6k +mQ)σαβ
(k2 −m2Q)2
+
δab〈g2sGG〉
12
mQk
2 +m2Q 6k
(k2 −m2Q)4
+ ...
}
, (12)
where tn = λ
n
2
with λn being the Gell-Mann matrices.
The next step is to use Eqs. (11) and (12) in Eq. (10) and define the following operators
χqaα(x)χ¯
q
bβ(0) = 〈qaα(x)q¯bβ(0)〉ρN , FAκλFBµν = 〈GAκλGBµν〉ρN ,
χqaαχ¯
q
bβF
A
µν = 〈qaαq¯bβGAµν〉ρN , χqaαχ¯qbβχqcγχ¯qdδ = 〈qaαq¯bβqcγ q¯dδ〉ρN . (13)
The matrix element 〈qaα(x)q¯bβ(0)〉ρN is expanded as [22]
∠qaα(x)q¯bβ(0)〉ρN = −
δab
12
[(
〈q¯q〉ρN + xµ〈q¯Dµq〉ρN +
1
2
xµxν〈q¯DµDνq〉ρN + ...
)
δαβ
3
+(
〈q¯γλq〉ρN + xµ〈q¯γλDµq〉ρN +
1
2
xµxν〈q¯γλDµDνq〉ρN + ...
)
γλαβ
]
.
(14)
The quark-gluon mixed condensate in nuclear matter is written as
〈gsqaαq¯bβGAµν〉ρN = −
tAab
96
{
〈gsq¯σ ·Gq〉ρN
[
σµν + i(uµγν − uνγµ) 6u
]
αβ
+〈gsq¯ 6uσ ·Gq〉ρN
[
σµν 6u+ i(uµγν − uνγµ)
]
αβ
−4
(
〈q¯u ·Du ·Dq〉ρN + imq〈q¯ 6uu ·Dq〉ρN
)
×
[
σµν + 2i(uµγν − uνγµ) 6u
]
αβ
}
, (15)
where Dµ =
1
2
(γµ 6D+ 6Dγµ) and uµ is the four velocity vector of the nuclear medium. The
matrix element of the four-dimension gluon condensate can also be written as
〈GAκλGBµν〉ρN =
δAB
96
[
〈G2〉ρN (gκµgλν − gκνgλµ) +O(〈E2 +B2〉ρN )
]
, (16)
where we neglect the last term in this equation due to its small contribution. We also ignore
from the four-quark condensate contributions in our calculations. The above equations
contain various condensates, which are are defined as [22, 24]
〈q¯γµq〉ρN = 〈q¯ 6uq〉ρNuµ, (17)
〈q¯Dµq〉ρN = 〈q¯u ·Dq〉ρNuµ = −imq〈q¯ 6uq〉ρNuµ, (18)
〈q¯γµDνq〉ρN =
4
3
〈q¯ 6uu ·Dq〉ρN (uµuν −
1
4
gµν) +
i
3
mq〈q¯q〉ρN (uµuν − gµν), (19)
〈q¯DµDνq〉ρN =
4
3
〈q¯u ·Du ·Dq〉ρN (uµuν −
1
4
gµν)− 1
6
〈gsq¯σ ·Gq〉ρN (uµuν − gµν),(20)
〈q¯γλDµDνq〉ρN = 2〈q¯ 6uu ·Du ·Dq〉ρN
[
uλuµuν − 1
6
(uλgµν + uµgλν + uνgλµ)
]
−1
6
〈gsq¯ 6uσ ·Gq〉ρN (uλuµuν − uλgµν), (21)
where the equations of motion have been used and O(m2q) terms have also been ignored due
to their very small contributions.
The correlation function on OPE side can be written in terms of the perturbative and
non-perturbative parts as
ΠOPEµ (q
2) =
[
Πpert1 (q
2) + Πnon−pert1 (q
2)
]
Pµ
+
[
Πpert2 (q
2) + Πnon−pert2 (q
2)
]
qµ, (22)
where
Πpert1[2] (q
2) =
∫
ds
∫
ds′
ρ1[2](s, s
′, q2)
(s− p2)(s′ − p′2) + subtraction terms. (23)
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After some lengthy but straightforward calculations, the spectral densities ρ1[2](s, s
′, q2) are
obtained as
ρ1(s, s
′, q2) =
∫ 1
0
dz
∫ 1−z
0
dw
−3(5w + 5z − 4)
8π2
θ[L(s, s′, q2)], (24)
ρ2(s, s
′, q2) =
∫ 1
0
dz
∫ 1−z
0
dw
15(w − z)
8π2
θ[L(s, s′, q2)], (25)
where
L(s, s′, q2) = −m2bw − sw(w + z − 1)− z[m2c − q2w + s′(w + z − 1)]. (26)
The QCD sum rules for the form factors are obtained by equating the hadronic and
OPE sides of the correlator and applying the double Borel transformation with respect to
the variables p2 and p
′2 (p2 →M21 and p′2 → M22 ). As a result we have
f1[2](q
2) = −(mb +mu)
f ∗Bm
∗2
B
(mc +mu)
f ∗Dm
∗2
D
em
∗2
B
/M2
1 em
∗2
D
/M2
2
[ ∫ s0
(mb+mu)2
ds
∫ s′
0
(mc+mu)2
ds′ρ1[2](s, s
′, q2)e−s/M
2
1 e−s
′/M2
2 + B̂Πnon−pert1[2] (q
2)
]
,
(27)
where B̂ represents the double Borel transformation. As an example, we only show the
explicit expression for the function B̂Πnon−pert1 (q
2), which is given by
B̂Πnon−pert1 (q
2)
=
1
2
exp
[
− m
2
b
M2
− m
2
c
M ′2
][
(−2mu −mb −mc)〈q¯q〉ρN + (p0 + p′0)〈q†q〉ρN
]
+
∫ 1
0
dz
∫ 1−z
0
dw
〈g2sG2〉ρN exp
[
(1−w)(m2cw+m
2
b
z)
M2z(w+z−1)
]
192M6π2(w − 1)z4(w + z − 1)5
{
δ
( 1
M ′2
+
(1− w)w
M 2z(w + z − 1)
)
×
[
16m4bπ
4(w − 1)2z4(w + z − 1) + 16m3bπ4(w − 1)z3
×
(
mu(w − 1)2(w + 2z − 1) +mc(w + z − 1)
(
(w − 1)w + (w − 1)z + z2
))
+ w(w + z − 1)
(
16m4cπ
4(w − 1)2w3 + 3mcmuM2(w − 1)z2(w + z − 1)2
+ m2cM
2(w − 1)wz
(
(1 + 16π4)(w − 1)w + 2(−1 + w + 8π4w)z + 2z2
)
+ M2z2(w + z − 1)
(
− (2M2 + q2)(w − 1)w + (2M2 − q2)(w − 1)z
+ (2M2 − q2)z2
))
+mb
(
16m3cπ
4(w − 1)wz2(w + z − 1)
(
w2 + w(z − 1) + (z − 1)z
)
+ 8mcM
2π4z(w + z − 1)
(
(w − 1)2w3 − 6(w − 1)2wz2 − (w − 1)(11w − 5)z3
− 10(w − 1)z4 − 5z5
)
+ 16m2cmuπ
4(w − 1)3w
(
w3 + w2(z − 1) + wz2 + z2(2z − 1)
)
5
+ 3muM
2(w − 1)2z2(w + z − 1)
(
w2 + 16π4(1− 2z)z + w(−1 + z − 16π4z)
))
+ m2b(w − 1)z(w + z − 1)
(
16mcmuπ
4(w − 1)z2(w + z − 1) + 16m2cπ4(w − 1)w(w2 + z2)
+ M2z
(
w3 + 16π4(z − 1)z2 + w2(2z − 1) + 2wz(−1 + z + 8π4z)
))]
+ wδ′
( 1
M ′2
+
(1− w)w
M 2z(w + z − 1)
)[
− 16mcπ4(w − 1)
(
mu(w − 1)w2(w + z − 1)2
+ mb
(
w2 + w(z − 1) + (z − 1)z
)(
(w − 1)w2 − (w − 1)z2 − z3
))
+ z
(
16mbmuπ
4(w − 1)3z(−1 + z + 2w) +M2(w + z − 1)(w2 + w(z − 1) + (−1 + z)z
)
×
(
w2 + z − z2 − w(z + 1)
))]}
+
1
12M2M ′2
exp
[
− m
2
b
M2
− m
2
c
M ′2
]{
− 〈q¯gsσGq〉ρN
[
mc
(
3M2 +M ′
2
)
+mb
(
M2 + 3M ′
2
)]
+ 〈gsq¯ 6uσ ·Gq〉ρN
(
M2p0 + 3M
′2p0 + 3M
2p′0 +M
′2p′0
)
− 4
(
mbM
2 +mcM
′2
)(
〈q¯u ·Du ·Dq〉ρN
+ imq〈q¯ 6uu ·Dq〉ρN
)}
(28)
3 Numerical results
In performing the numerical analysis of the sum rules for the form factors f1(q
2) and f2(q
2),
we need the values of some input parameters in nuclear medium entering into the sum rules.
We present them in Table 1. Besides these input parameters, the sum rules for the form
factors contain four auxiliary parameters, viz. the Borel mass parameters M2 and M ′2 as
well as continuum thresholds s0 and s
′
0. The physical quantities like form factors should be
roughly independent of these parameters according to the general philosophy of the method
used. In the following, we shall find their working regions such that the values of form factor
weakly depend on these parameters.
The continuum thresholds are not entirely capricious but they depend on the energy of
the first excited states in the initial and final channels with the same quantum numbers
as the interpolating currents. From numerical analysis, the working intervals are obtained
as s0 = (32.0 ± 1.5) GeV 2 and s′0 = (5.0 ± 0.5) GeV 2 for the continuum thresholds. The
Borel mass parameters are restricted by requirements that, not only the contributions of
the higher states and continuum are sufficiently suppressed but also the contributions of the
higher dimensional operators are small. These conditions lead to the intervals 8 GeV 2 ≤
M2 ≤ 12 GeV 2 and 4 GeV 2 ≤ M2 ≤ 6 GeV 2. In order to see how our results depend
on the Borel parameters, we present the dependence of the form factors f1(0) and f2(0),
at fixed values of the continuum thresholds, on these parameters in Figs. 1 and 2. In
these figures, the solid lines stand for the nuclear matter results and dashed lines for those
of vacuum. From these figures we see that not only the form factors demonstrate good
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Input parameters Values
mB (5279.26± 0.17) MeV
mD (1864.84± 0.07) MeV
p0 mB
p′0 mD
mu 2.3 MeV
md 4.8 MeV
mb 4.18 GeV
mc 1.275 GeV
ρN (0.11)
3 GeV 3
〈q†q〉ρN 32ρN
〈q¯q〉0 (−0.241)3 GeV 3
mq 0.5(mu +md)
σN 0.045 GeV
〈q¯q〉ρN 〈q¯q〉0 + σN2mq ρN
〈q†gsσGq〉ρN −0.33 GeV 2ρN
〈q†iD0q〉ρN 0.18 GeV ρN
〈q¯iD0q〉ρN 32mqρN ≃ 0
m20 0.8 GeV
2
〈q¯gsσGq〉0 m20〈q¯q〉0
〈q¯gsσGq〉ρN 〈q¯gsσGq〉0 + 3 GeV 2ρN
〈q¯iD0iD0q〉ρN 0.3 GeV 2ρN − 18〈q¯gsσGq〉ρN
〈q†iD0iD0q〉ρN 0.031 GeV 2ρN − 112〈q†gsσGq〉ρN
〈αs
π
G2〉0 (0.33± 0.04)4 GeV 4
〈αs
π
G2〉ρN 〈αsπ G2〉0 − 0.65 GeV ρN
Table 1: Numerical values for input parameters [22, 24–27]. The value presented for ρN
corresponds to the nuclear matter saturation density which is used in numerical calculations.
stabilities with respect to the variations of Borel parameters in their working regions, but
the results obtained in the nuclear medium differ considerably with those of the vacuum.
Having determined the working regions for the continuum thresholds and Borel mass
parameters, we proceed to find the behaviors of the form factors in terms of q2 . Our
analysis shows that the form factors are well fitted to the following function:
fi(q
2) =
fi(0)
1 + αqˆ + βqˆ2 + γqˆ3 + λqˆ4
, (29)
where qˆ = q2/m2Bq and the numerical values for the parameters fi(0), α, β, γ and λ are
presented in tables 2 and 3 for nuclear matter and vacuum, respectively. From these tables
we see that although the central values of the form factors at q2 = 0 seem to be considerably
different in medium and vacuum, considering the errors roughly kills these differences. The
errors in the results belong to the uncertainties in determination of the working regions for
the auxiliary parameters as well as the errors in the other input parameters.
We present the dependence of f1(q
2) and f2(q
2) on q2 at average values of the Borel
7
Figure 1: Left panel: the form factor f1(0) versus M
2 in nuclear matter (solid line) and
vacuum (dashed line). Right panel: the form factor f1(0) versus M
′2 in nuclear matter
(solid line) and vacuum (dashed line).
Figure 2: The same as figure 1 but for f2(0) form factor.
f(0) α β γ λ
f1 0.55± 0.06 −0.48 −0.036 0.008 0.007
f2 −0.11± 0.01 −0.67 −0.247 0.006 0.079
Table 2: The numerical values for the parameters fi(0), α, β, γ and λ in nuclear matter.
f(0) α β γ λ
f1 0.64± 0.07 −0.41 −0.057 0.002 0.006
f2 −0.15± 0.02 −0.47 −0.266 −0.085 0.023
Table 3: The numerical values for the parameters fi(0), α, β, γ and λ in vacuum.
mass parameters and continuum thresholds in figure 3. From this figure we also see that,
as far as the central values are concerned, the nuclear medium affect the q2 dependencies
8
Figure 3: The dependence of the form factors f1(q
2) (left panel) and f2(q
2) (right panel)
on q2 in nuclear matter (solid line) and vacuum (dashed line).
of the form factors considerably.
The next step is to calculate the branching ratio of the process under consideration both
in nuclear medium and vacuum for both ℓ = e, µ and τ , which are depicted in tables 4 and
5. For comparison, we also depict the existing experimental data. From these tables we
obtain that the nuclear medium suppresses the values of branching ratios with amount of
roughly 50% for all lepton channels when the central values are considered. It is also seen
that the errors can not kill the differences between the medium and vacuum predictions in
the case of branching fractions. The results of vacuum sum rules are consistent with the
experimental data [27] for all lepton channels within the errors.
Br B+ → D0ℓ+νℓ B+ → D0τ+ντ
Nuclear matter (1.04± 0.29)×10−2 (0.48± 0.13)×10−2
Table 4: The branching ratios in nuclear matter.
Br B+ → D0ℓ+νℓ B+ → D0τ+ντ
Vacuum (2.03± 0.57) ×10−2 (0.92± 0.26) ×10−2
PDG [27] (2.27± 0.11)×10−2 (0.77± 0.25)×10−2
Table 5: The branching ratios in vacuum together with the experimental data.
At the end of this section, we would like to calculate the ratio of branching fractions in
τ to ℓ = µ, e channels, i.e.
R(D) = B(B
+ → D0τ+ντ )
B(B+ → D0ℓ+νℓ)
, (30)
for both the nuclear medium and vacuum. We obtain the value R(D) = 0.461± 0.009 for
the nuclear medium which is roughly the same with the vacuum valueR(D) = 0.453±0.009
within the errors.
9
We conclude that although the nuclear medium effects cause considerable shifts in the
central values of the form factors, considering the errors roughly kills these differences. In
the case of branching ratios we see considerable differences between the medium and vacuum
predictions for all lepton channels, which can not be killed by the errors of the form factors.
This can be attributed to the shifts in the masses of the participating mesons due to the
nuclear medium. The ratio of branching fractions in τ to ℓ = µ, e channel remains roughly
unchanged both in medium and vacuum. This ratio and other quantities in nuclear medium
considered in the present work can be checked in future in-medium experiments.
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